Children with autism vary widely in their language abilities, yet the neural correlates of this language variability remain unclear, especially early in development. Diffusion tensor imaging (DTI) was used to examine diffusivity measures along the length of 18 major fiber tracts in 104 preschool-aged boys with autism spectrum disorder (ASD). The boys were assigned to subgroups according to their level of language development (Low: no/low language, Middle: small vocabulary, High: large vocabulary and grammar), based on their raw scores on the expressive language (EL) and receptive language (RL) sections of the Mullen Scales of Early Learning (MSEL). Results indicate that the subgroups differed in fractional anisotropy (FA), mean diffusivity (MD), and radial diffusivity (RD) along the inferior longitudinal fasciculus (ILF) in both hemispheres. Moreover, FA correlated significantly with Mullen EL and RL raw scores, but not ADOS severity score, along the left and right ILF. Subgroups also differed in MD (but not FA) along the left superior longitudinal fasiculus and left corticospinal tract, but these differences were not correlated with language scores. These findings suggest that white matter microstructure in the left and right ILF varies in relation to lexical development in young males with ASD. The findings also support the use of raw scores on language-relevant standardized tests for assessing early language-brain relationships. Autism Res 2017, 0: 000-000.
Introduction
Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder usually diagnosed during the preschool years, and characterized by deficits in social interaction and excessive restricted and repetitive behaviors (DSM-5, APA 2014) . Language and communication deficits are not considered core features, because while some individuals with ASD present with delayed and/or impaired language profiles others appear to learn and use language consistent with their chronological age [Eigsti, Bennetto, & Dadlani, 2007; Tager-Flusberg, Paul, & Lord, 2005; Tek, Mesite, Fein, & Naigles, 2014] . However, heterogeneous language performance is evident among children with ASD from diagnosis onward [Groen, Zwiers, van der Gaag, & Buitelaar, 2008; Kjelgaard & Tager-Flusberg, 1998; Naigles & Chin, 2015; Tager-Flusberg, 2006] , and better language skills early in development have been consistent predictors of better language outcomes [Ben Itzchak et al., 2014; Munson, Faja, Meltzoff, Abbott, & Dawson, 2008; Rapin, Dunn, Allen, Stevens, and Fein, 2009; Sigman & McGovern, 2005) .
One avenue to understanding the origins of language heterogeneity involves investigating its neurobiological underpinnings Verhoeven, Rommel, & Prodi, 2012; Wolff, et al., 2012) . Recent evidence suggests that there is substantial heterogeneity in the neural characteristics of ASD, as well as multiple neurophenotypes [Nordahl, Lange et al., 2011 , Nordahl, Scholz et al., 2012 , Ohta et al., 2016 . Thus, it becomes essential to investigate associations between variability in brain structure and connectivity and variability in language behavioral characteristics, within ASD. Such associations remain understudied, and very few studies have investigated young children closer to the onset of ASD and of language development. In the current study, we evaluated the underlying neural correlates of early language in a cohort of preschool-aged children with ASD. Children were divided into subgroups based on their language development and associations with diffusion properties of major white matter tracts were examined.
While recent studies have investigated correlates between variability in language performance and variability in brain structure and connectivity in children with ASD, findings are thus far inconsistent. Some studies have reported that school-age children and adolescents with ASD with higher language scores manifest greater left-lateralized asymmetry in gray matter volume or white matter connectivity in language-related cortical regions (e.g., superior temporal gyrus, inferior frontal gyrus) [deFosse et al., 2004; Nagae, Zarnow, & Blaskey, 2012; Sharda et al., 2016] . Other studies have found that higher language performance in these age groups is associated with higher functional connectivity in both hemispheres [Verly et al., 2013] or with increased right-ward asymmetry [Joseph, et al., 2014] of the language-related cortical regions. A third group of studies has reported the absence of significant relationships between brain areas or activation and language levels in children with ASD [Bigler et al., 2007; Joseph et al., 2014; Knaus, et al., 2010; Mills et al., 2013; Verhoeven et al., 2012] . Only two imaging studies that we know of have included children at or near the onset of language development, again with mixed results. Eyler, Pierce, and Courchesne [2012] found no association between degree of left superior temporal gyrus activation and standardized language scores in 2-year-olds with ASD. More recently, Lombardo et al. [2015] reported neural activation during fMRI concentrated in left superior temporal cortex for toddlers with high standardized language scores, but more diffuse right hemisphere activation for toddlers with low scores.
In the current study, we extend previous DTI studies by expanding investigations beyond the languagerelevant brain tracts to include all major fiber tracts, based on reports that a blunted neurodevelopmental trajectory has been observed for infants with ASD in a number of brain regions [Wolff et al., 2012] , and that brain-language relationships have been observed in typically developing (TD) infants outside of the usual language-relevant tracts (e.g., the left inferior cerebellar peduncle [Deniz Can, Richards, & Kuhl, 2013] ). Moreover, we take seriously Eyler et al.'s [2012] concern that the usual measures of early language may be unstable and unreliable in the ASD population, such that the standardized scores usually used may not accurately reflect the children's level of linguistic knowledge [Naigles & Chin, 2015] . Therefore, we use raw scores, which more closely approximate this group's relative levels of language development.
To elaborate, the typical indexes of language ability that are correlated with neural measures are drawn from standardized tests. The Mullen Scales of Early Learning (MSEL) [Mullen, 1995] are usually employed with children under the age of 6 years, and a wider range of tests (e.g., the Peabody Picture Vocabulary Test (PPVT) [Dunn & Dunn, 1997 ] is administered to schoolage children and adolescents. Generally, standard/ageadjusted scores are calculated for investigating relationships with brain activation and/or development, so that the child is ranked on the degree to which his or her functioning matches expectations for his or her chronological age. However, language knowledge increases exponentially over the preschool years [Hoff, 2013] , and language-brain relationships might be based, at least partially, on children's current level of language development rather than on the degree of difference they demonstrate from a reference group. Further, specific neural indicators such as the N400 emerge in TD preschoolers as their lexicons develop [Friederici & Skeide, 2015] , and early-vs. late-acquired words may also be differentially represented in the cerebral cortex [Fiebach, Friederici, M€ uller, von Cramon, & Hernandez, 2003] . To date, however, there have been no studies of young children with ASD that rank them on their actual progress or status in language development rather than on their degree of age-appropriate language. Because of their language delay, and the vast heterogeneity of language in the ASD population, children who are ranked by standardized scores may not really be commensurate with others with the same scores.
To make this more tangible, consider four children in our dataset. Two had T-scores of 20 on the MSEL-RL, but showed different levels of raw performance: A (30 months) had a raw score of 13, indicating understanding of several familiar names and inhibitory words (see Methods for more details about this coding); B (41 months) had a raw score of 24, indicating much greater understanding of language, including understanding of spatial terms. Both children had the same standardized score yet had very different levels of language development and knowledge of language (based on their raw scores). Two additional children, C and D, earned the same raw score on the MSEL-EL; namely, 26, showing that they had the same level of language usage. Yet, their T-scores were drastically different (one had a 29, 2 SDs below the norm of 50 and the other a 63, more than 1 SD above the norm), due to their different chronological ages (41 months, 24 months). If their T scores had been used to represent their language ability, they would be considered to have very different language levels; however, their language skills are very similar. If brain development proceeds at least partially in step with actual language development [Friederici & Skeide, 2015] , then for the purposes of discovering brainlanguage relationships, one needs to focus on children's levels of language development rather than their degree of difference from a normative sample. Corroborating this rationale, Landa, Gross, Stuart, and Faherty [2013] see also Perryman et al. [2013] describe a similar approach: because they were interested in actual changes in attested behaviors over developmental time, they analyzed raw EL and RL scores of children with ASD at several intervals between 6 and 36 months of age. This enabled them to discover that these children showed gains in raw scores-demonstrating increasingly more sophisticated language behaviors-over time (see also Mervis' [2004] rationale for preferring raw over ageequivalent scores).
Thus, in the current study we investigated the degree to which variability in levels of language development of children with ASD corresponded to variability in their brain development. We know that synaptic plasticity and myelination may provide mechanisms that enable the maturation of language-related brain circuits [Brauer, Anwander, & Friederici, 2011; Markham & Greenough, 2004; Skeide, Brauer, & Friederici, 2016] . We collected concurrent diagnostic and language data from 104 preschoolers with ASD, and our innovation was to rank the children according to their raw scores on the MSEL. We also collected diffusion-weighted MRI data from these children, and evaluated diffusion properties in a wide range of tracts as possible languagerelevant neural correlates. We hypothesized that the heterogeneous language profiles would map onto differences in white matter tract profiles. For the current study, our focus is specifically on children with ASD; their documented heterogeneity with respect to language development allows us to investigate languagebrain relationships while holding chronological age (also an important factor in brain development) relatively constant.
Method

Participants
Participants were recruited through the MIND (Medical Investigation of Neurodevelopmental Disorders) Institute of the University of California, Davis (UCD), as part of the Autism Phenome Project. For the current analysis, behavioral and diffusion imaging data were utilized from young (mean age at MRI acquisition 5 37 months) male children with ASD (mean ADOS severity 5 7.90; see Tables 1 and 2 for participant descriptors). Diagnostic assessments were conducted by licensed clinical psychologists using the Autism Diagnostic Observation Schedule-Generic (ADOS-G) [Lord, Rutter, DiLavore, & Risi, 1999] and the Autism Diagnostic Interview-Revised (ADI-R) [LeCouteur et al., 2008] . Diagnostic criteria for ASD were derived from the Collaborative Programs of Excellence in Autism (CPEA) network. Participants met ADOS-G cutoff scores for autism or ASD, were above the cutoff score for autism on either the social or communication subscale of the ADI-R and were within two points of the autism cutoff for all other subscales on the ADI-R. An ADOS severity score was calculated [Gotham, Pickles, & Lord, 2009] , which allows for comparison of autism severity across participants tested with different ADOS-G modules. Additional exclusion criteria involved only physical contraindications for MRI. All children were native English speakers, were ambulatory, and without suspected vision or hearing problems. One child with a history of abnormal EEGs was excluded. Handedness was assessed by means of behavioral examination. This study was approved by the UCD IRB, and informed consent was obtained from each participant's parent or guardian.
Measures
The Autism Diagnostic Observation Schedule (ADOS-G) [Lord et al. 1999 ] is a structured and play-based assessment for the diagnosis of ASD. The Autism Diagnostic Interview-Revised (ADI-R) [LeCouteur et al., 2008 ] is a structured interview conducted with the parents of the children with ASD, and measures behavior in the domains of reciprocal social interaction, language and communication, and overall behavioral patterns.
The Mullen Scales of Early Learning (MSEL) [Mullen 1995] provide measures of development, including items that measure visual perception, expressive and receptive language (EL, RL), and motor development, for children from birth to 5.67 years. The MSEL gives raw scores, T scores (average of 50, SD of 10), and age equivalents for each domain. The MSEL was administered to all children in this sample.
The MacArthur Communicative Development Inventory (CDI) [Fenson et al., 1993 ] is a standardized parent reporting instrument that assesses children's early language development. The infant (words and gestures) version was filled out by the parents of a subset of the children in this sample; the 396-word vocabulary checklist was analyzed for this study.
The Peabody Picture Vocabulary Test-Third Edition (PPVT) [Dunn & Dunn, 1997] , which assesses receptive vocabulary knowledge, was successfully administered to a subset (N 5 44) of the children in this sample, primarily those in the middle and high language groups (see below).
Language Group Assignment
Language groups were based primarily on the children's scores on the MSEL, because all children who participated in this study had completed this measure. Children were placed into one of three groups. Low: language only just beginning or not yet begun (n 5 50), with RL and EL raw scores of 16 or below (understanding and producing up to 3-6 familiar object labels, possibly including some body parts). Middle: language included a stable lexicon of nouns, with RL and EL raw scores up to but not beyond 26 (RL) or 27 (EL; n 5 10). An additional 12 children were assigned to this group because they had highly uneven scores; six had receptive scores much higher than expressive, and six had expressive scores much higher than receptive (generating T-score differentials of 10 or more on either the MSEL or the PPVT). High: language included a large vocabulary plus some grammar (n 5 32), with RL raw scores over 23, indicating (at least) understanding of action words and prepositions and EL raw scores over 23, indicating (at least) the ability to use two-word phrases and map words onto varied pictorial representations. For this group, we also accessed the children's CDI scores if these had been collected (n 5 16); these vocabulary scores needed to exceed 100 words, with parents also reporting some word combinations or use of grammatical morphology. One child did not fit this profile with his MSEL scores and had no CDI data, but was placed into this group because his PPVT standard score was higher than 80.
The mean MSEL VR, EL, and RL scores for each group are presented in Table 1 . One-way ANOVAs were performed on the children's raw scores, as well as T-scores, to confirm that the groups were significantly different; all Fs(2,103) > 30, ps < .001. Post hoc pairwise comparisons were all significantly different (ps < .01) except for the comparison of the Low vs. Middle Language VR Tscores, which approached but did not reach significance (P 5 .088). One-way ANOVAs were also performed comparing the groups by age at MSEL administration [F(2,103) 5 1.45, P 5 .24] and age at brain scan [F(2,103) 5 3.38, P 5 .038]. Although the latter ANOVA yielded an overall group effect, none of the pairwise comparisons reached significance (ps > .15). Finally, we conducted a one-way ANOVA to compare the groups by ADOS severity score, yielding a significant group effect (F(2, 103) 5 10.92, P < .001); while the Low Language group had higher severity scores than both the Middle (P < .01) and High (P < .001) Language groups, these latter two groups did not differ from each other (P > .8)
Imaging Procedures
MRI scans were acquired during natural, nocturnal sleep at the UC Davis Imaging Research Center using a 3T Siemens Trio whole-body MRI system (Siemens Healthcare, Inc., Erlangen, Germany) equipped with an 8-channel head coil (Invivo, Inc., Gainesville, FL). We used a child-friendly scanning approach that has proven highly successful in young children [Nordahl, Simon et al., 2008] . Earplugs and/or headphones were used to attenuate scanner noise and children were closely monitored during scanning.
For all participants, images were obtained using a three-dimensional T1-weighted MPRAGE sequence (TR 2170 ms; TE 4.86 ms; matrix 256 3 256; 192 slices in the sagittal direction, 1.0 mm isotropic voxels, scan time: 8 m 6 s) and a diffusion-weighted, spin echo, echo planar imaging sequence ("ep2d_diff", number of slices: 72, slice thickness: 1.9 mm, slice gap: 0.0, matrix size: 128 3 128, voxel size: 1.9 mm isotropic, phase encoding direction: anterior to posterior (A P), phase partial Fourier: 5/8, TR: 11500, TE: 91, scan time: 6 m 56 s), with effective b-value 700 mm2/s, 30 gradient diffusion directions, and five b 5 0 images acquired at equally spaced intervals over the scan time. All structural scans were reviewed by a pediatric neuroradiologist and screened for significant clinical findings.
Images were acquired from October 2007 to June 2011. In August 2009, the Siemens 3T Trio MRI system was upgraded to a Trio Total Imaging Matrix (TIM) MRI System, and all sequences were upgraded and mapped to the original sequences. Importantly, for the diffusion-weighted sequence, the spatial resolution, bvalue, and gradient directions were preserved following the MRI system upgrade. While the diffusion-weighted parameters were not directly changed, there may be differences in diffusion-weighted measures in regions with reduced geometric distortion. To control for these differences, we included scanner upgrade status (preupgrade vs. postupgrade) as a nuisance variable in the model for all statistical analyses. This approach has been used successfully in prior analyses from this cohort [Johnson et al., 2014; Nordahl, Iosif et al., 2015] . In the current analysis, 47 scans were acquired before the scanner upgrade and 57 scans were acquired afterwards, and the ratios of each language subgroup were balanced across this nuisance variable (Chi-square statistic 5 0.50, P 5 0.78).
Image Processing and Diffusion Tensor Calculation
T1-weighted structural image preprocessing followed Nordahl et al. [2011] and included removal of nonbrain tissue [Smith, 2002] and correction of inhomogeneities [Sled, Zijdenbos, & Evans, 1998 ]. Diffusion-weighted data were processed using the Vistalab (Stanford Vision and Imaging Science and Technology) diffusion MRI software suite. Raw dicoms were converted to 4-D nifti format. Images were visually inspected, and any volumes with signal dropout (i.e., motion artifact) were excluded. Subjects with more than 6 volumes (20% of total diffusion directions) with motion were excluded from further processing and analysis (n 5 11). The remaining 104 scans were included in the analyses. Because images were acquired during natural sleep, there was very little motion artifact in this dataset. Of the 104 children, 75% had no volumes with motion artifact and 13% had one diffusion direction excluded. This most frequently occurred at the beginning of the sequence when some children would startle in their sleep at the onset of the noises. Two to three diffusion directions were excluded in 10% of the cohort and 2% had four or five diffusion directions excluded. Importantly, there were no group differences in the number of volumes excluded (chi square P 5 .19). Diffusionweighted images were aligned to the motion-corrected mean of the b 5 0 images using a rigid body algorithm and resampled to 2-mm isotropic voxels with eddycurrent and motion correction using a seventh-order bspline algorithm based on SPM5. Vistalab image processing software is available as part of the open-source mrDiffusion package available at http://github.com/vistalab/vistasoft. Diffusion tensors were fitted to the resampled diffusion-weighted data using the RESTORE algorithm that also removed outliers from the tensor estimation [Chang, Jones, & Pierpaoli, 2005] .
Automatic Fiber Quantification
We used Automatic Fiber Quantification (AFQ) software tools [Yeatman, Dougherty, Myall, Wandell, & Feldman, 2012 ] to segment 18 major fiber tracts from the total white matter skeleton in each participant's brain. Tracts identified include the left and right anterior thalamic radiations, left, and right cingulate portion of the cingulum, left and right inferior fronto-occipital fasciculus, left and right superior longitudinal fasciculus, left and right inferior longitudinal fasciculus, and left and right uncinate fasciculus, the left and right corticospinal tracts, and the forceps major and minor. AFQ is described in detail in Yeatman et al. [2012] and consists primarily of three steps: (1) whole-brain fiber tractography; (2) ROI-based fiber tract segmentation; and (3) fiber tract cleaning and quantification. AFQ calculates diffusion properties at a series of fixed intervals or "nodes" along each tract between two defining ROIs. Resulting data provide a tract profile describing diffusion properties, including radial diffusivity (RD), axial diffusivity (AD), mean diffusivity (MD) and fractional anisotropy (FA), along the length of each tract. Axial diffusivity (AD) describes diffusion parallel to the principle diffusion direction (i.e., along the long axis of an axon) and has been related to changes in axon integrity such as during axonal degeneration [Kim et al., 2007; Song et al., 2003] . Radial diffusivity describes diffusion perpendicular to the principle diffusion direction and is decreased with reduced axonal myelination or axon fiber density [Song et al., 2002; Zhang et al., 2009] . Mean diffusivity (MD) and fractional anisotropy (FA) are summative measures that describe average total diffusion and a normalized standard deviation of the three diffusion directions, respectively. FA has been associated with axonal membrane circumference and possibly also axonal density and myelin thickness [Concha, Livy, Beaulieu, Wheatley, & Gross, 2010] . We used 99 nodes per fiber tract in the current analysis. AFQ tractography yields fiber bundles similar to those seen in other reports in this participant age range [Huang et al., 2006; Trivedi et al., 2009; Wolff et al., 2012] . AFQ is freely available for download at https://github.com/ jyeatman/AFQ.
INSAR
Naigles et al./Neural correlates of language in preschoolers
Differential Analysis Plan for DTI Data
For each participant, axial diffusivity (AD), radial diffusivity (RD), mean diffusivity (MD), and fractional anisotropy (FA) were calculated at 99 nodes between the two defining ROIs for each fiber bundle. For all differential analyses, three-way mixed-design analyses of co-variance (ANCOVA) were conducted for the dependent variables (AD, RD, MD, FA). Nodes were used as repeated measures and language group served as the between-group variable. Participant age was included as a continuous covariate while handedness and scanner status were controlled. Mauchly's test [Mauchly, 1940] was used to test for violations of sphericity and the Huyhn-Felt correction was applied when sphericity was violated.
For each tract in the analysis a structured hypothesis testing approach was used. First, differences in language groups (Low, Middle, High) were assessed using two significance tests: one for the hypothesis that average diffusion scores for the tract differed between diagnostic groups (H 0 : low language average diffusion for tract 5 mid language average diffusion for tract 5 high language average diffusion for the tract) and a second for the hypothesis that the relationship between diffusion parameters and diagnostic group is not constant along the tract length (H 0 : low language tract diffusion profile 5 mid language tract diffusion profile 5 high language tract diffusion profile). Importantly, only if one of these omnibus null hypotheses was rejected, was a tract examined any further. For tracts in which either omnibus null hypothesis was rejected, we sought to illustrate the location of diagnostic differences with additional analyses. We used one-way ANCOVAs and Sidak-corrected pairwise comparisons to identify the location of group differences along a tract's length. These additional analyses were conducted only on tracts which had already passed the more stringent omnibus hypothesis testing. For all analyses, results are expressed as mean 6SEM (standard error of the mean), and a P-value less than 0.05 was considered statistically significant.
Results
Approximately half of the children's MSEL scores indicated little to no language (Low group), just under onequarter of the children had a small lexicon of object words (Middle group), and just over one-quarter of children were the furthest along in language development, with a large lexicon and some grammar (High group, see Table 1 ).
DTI analyses revealed four white matter tracts with diffusion differences between these language groups: Figures 1 and 2 present the effects in the L-ILF, where there was an overall difference in FA between language subgroups (main effect of group: F 5 3.890, P 5 0.024), and group differences along the tract length for MD (nodes by group interaction: F 5 1.962, P 5 0.047, Figure 2 ) and RD (nodes by group interaction: F 5 1.861, P 5 0.048, Figure 2) . Overall, the tracts with lowest FA, especially towards the occipital end, were the tracts in the children in the Low language group. Figure 3 shows the effects in the R-ILF, where there was an overall difference in FA as well, and in the same direction as the L-ILF (main effect of group: F 5 1.764, P 5 0.034). Partial correlations controlling for scanner upgrade status and age at MRI were calculated between FA in the left and right ILF, and three behavioral measures: ADOS severity score, MSEL EL raw score, and MSEL RL raw score. To minimize the number of comparisons being made, we a priori limited our correlations to FA. Determining the relationships between FA and the behavioral measures at each node along the tracts' 
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Naigles et al./Neural correlates of language in preschoolerslength allowed us to increase anatomical precision and identify which portions of the ILF were or were not related to language performance. As Figure 4 shows, FA in occipital portions of the left ILF was highly correlated with both expressive and receptive language in young males with ASD (Fig. 4, left panel) . This relationship was not simply a proxy measure of overall impairment, as ADOS severity scores were not correlated with FA in the left ILF (Figure 4) . A similar pattern was seen in the right ILF (Figure 4 , right panel) although FA at a few locations along the right ILF was also related to ADOS severity. Because it is possible that these relationships with RL and EL derived from the children's overall cognitive levels, we conducted a second set of partial correlations in which their raw MSEL VR scores were also controlled. The same pattern of significant effects displayed in Figure 4 was obtained, with a few scattered nodes dropping below significance for the FAReceptive Language relationships in both R-ILF and L-ILF, and for the FA-Expressive Language relationships in the L-ILF tract. Interestingly, the relationships between R-ILF FA and MSEL-Expressive Language were the most susceptible, with only one node maintaining the significant positive relationship once VR was controlled.
Finally, Figure 5 presents the MD measures for the left corticospinal tract, which differed between language groups (nodes by group interaction: F 5 2.27, P 5 0.025). MD also differed between language groups along the left superior longitudinal fasciculus (nodes by group interaction: F 5 2.73, P 5 0.014). Interestingly, it was 
Discussion
We classified young preschool-aged males with ASD into Low, Middle or High language groups to capture the heterogeneity in language ability regularly seen in ASD populations. We compared diffusion measures in 18 major white matter tracts in the brains of each language group and found 4 tracts with significant differences between the language groups. Moreover, having identified language group differences in the FA profiles of the left and right ILF we asked if FA in these tracts was related to language performance overall. We examined correlations between receptive and expressive language and FA along the length of each tract and found that differences in both the left and right, occipital regions of the tract were highly related to both language measures (Figure 4 ), but not to autism severity.
These findings are suggestive of a role for ILF maturation in children with ASD's early language development. The language variability we observed in children with ASD was primarily vocabulary-related; as assessed by the MSEL, the children varied from having no speech at all (Low), to having some words, all of which were for objects or parts of objects (e.g., nose; Middle), to having a large vocabulary, most of which were words for concrete objects and actions (High). Given that the children's variability centered around quantity of words for concrete objects, part-objects, and actions, an association with the ILF is logical: To learn words for concrete objects and actions, children must be able to connect what they see with what they hear. The ILF connects the occipital lobe, where visual processing takes place, with the temporal lobe, where auditory processing occurs. Indeed, children in our study with higher FA and lower MD in their ILF tracts had, in essence, larger vocabularies than children with lower FA and higher MD/RD in their ILF tracts. During development, FA generally increases with age, and MD decreases [Cascio, Gerig, & Piven, 2007] . In children with autism, there is evidence that FA in multiple white matter tracts, including the ILF, is higher at 6 months of age, but increases at a slower rate thereafter such that by 24 months of age, FA is lower [Wolff et al., 2012] . Although our study did not include a comparison to TD controls, our results do suggest that there is variability in diffusion properties of the ILF within the ASD group related to language ability.
We considered the possibility that the ILF-language relationships were primarily attributable to overall cognitive level, by controlling for Mullen VR scores. This was not borne out, though, as the receptive language-ILF relationships remained stable, as did the expressive language-L-ILF relationship. Controlling for nonverbal cognition did diminish the strength of the expressivelanguage-R-ILF relationship, which suggests that some aspects of vocabulary production are more tightly linked to nonverbal cognition than others. The presence of six boys in the dataset whose expressive language scores were higher than their receptive language scores might also be playing a role, as these boys might be hyperlexic and thus producing words learned via rote memorization rather than via connecting what they see and hear; such behavior might be more prevalent in children with lower nonverbal cognitive functioning [Cardoso-Martins & da Silva, 2010] Overall, though, the vocabulary-ILF relationships we have documented seem relatively independent of nonverbal cognition.
This association between vocabulary development and ILF maturation is supported by two studies of individuals with lesions in their left temporo-occipital junction. One individual performed a naming task during surgery, and generated the most errors, especially object-recognition ones, when the ILF was stimulated [Mandonnet, Gatignol, & Duffau, 2009] . A second individual was twice scanned and performed object naming tasks, 6 months apart; her object naming score decreased dramatically at the second scan, when her tumor had invaded the ILF; her other abilities remained stable [Shinoura et al., 2010] . Both articles conclude that the ILF plays a critical role in object naming ability. Finally, Fiebach et al. [2003] assessed neural activation of early-vs. later-acquired words and observed that early learned words were represented in a sensory manner in the vicinity of both auditory and visual cortices. Collectively, these findings are consistent with our interpretation of an association between ILF maturity and increasing vocabulary in our children with ASD. Our findings support a role for the ILF as part of a ventral semantic language pathway involving the ILF, uncinate fasciculus, and inferior fronto-occipital fasciculus [Saur et al. 2008 [Saur et al. , 2010 .
Our effects involving the L-SLF emerged only with the MD measure, and most strongly differentiated the Middle and High language groups ( Figure 5 ). Given the well-documented role for the SLF in language use in older children and adults [Joseph et al., 2014; Nagae et al., 2012] , we conjecture that maturation of this tract, which connects superior tempero/parietal areas with caudal frontal cortical areas, may be associated with more advanced language development, including grammar as well as lexicon [Skeide et al., 2016] . The High language group was further along in grammatical development than the Middle group, and this difference may be what is reflected in the DTI measure. It is potentially important that the ILF effects were bilateral whereas the SLF effect was confined to the left hemisphere.
Effects involving the corticospinal tract also emerged only with the MD measure [Nagae et al., 2012] , but the exact role of corticospinal alterations in ASD language subgroups is currently unclear [e.g., Northam et al., 2012] . One possibility is that the ROIs above and below the internal capsule used to segment the corticospinal tract may also capture some corticobulbar neurons, which innervate cranial nerves responsible for speech articulation. The corticospinal and corticobulbar pathways travel in close proximity as they pass through the internal capsule towards their subcortical targets and are sometimes difficult to distinguish using tractography [Pan, Peck, Young, & Holodny, 2012; Yim et al., 2013] . However, averaged cortical termination maps for the left corticospinal tract from our data do not demonstrate substantial overlap with the more ventral corticobulbar targets. Further research is needed to clarify the potential role of corticospinal tract alterations in language development in ASD.
Limitations
One consequence of our focus on the "actual" language levels of the children with ASD is that the TD controls from the Autism Phenome Project, who were also scanned at approximately three years of age, were much more advanced in overall functioning, including language, than the children with ASD [Nordahl et al., 2011] . As expected [Hoff, 2013] , the TD preschoolers were all producing both single-clause and multipleclause sentences and had large vocabularies whereas only about one-third of the ASD group had reached this level of language (see Table 1 ). Given our hypothesis that variability in actual language level would be related to variability in neural maturation, this TD group was not an appropriate control for the current study. The conclusions we are able to draw in this study, therefore, are restricted to children with ASD. Further investigations with children who are languagematched to this group with ASD will be necessary to ascertain whether the language-brain relationships we have observed are unique to children with ASD or whether they might also apply more generally to TD children early in language development, or to children with other disorders that affect language development [see Deniz Can et al., 2013 , for one recent study]. Additional studies that include a comparison group of children with specific language impairment without autism are also likely necessary to determine whether the observed effects are specific to autism or are common to broader language impairment. A second limitation is that only males were included in the current study, as we did not have enough females in the original dataset to provide sufficient power for any gender by language subgroup comparisons.
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Conclusions
We introduced two significant innovations in this study. First, we used raw scores from the MSEL expressive and receptive language tests to rate 104 young boys with ASD on their actual level of language development, and we assigned them to three subgroups: Low: No/Low Language, Middle: Small Vocabulary, High: Large Vocabulary and Grammar. Second, we compared the three groups on diffusivity measures in all major tracts in their brains. We found that level of language development correlated significantly with FA in both the left and right ILF, while ADOS severity did not. In sum, our results suggest that these correlations reflect the children's developing lexical abilities as they link objects with their labels, and that using children's actual level of language development might be a useful correlate of neural development.
